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We synthesized a phenoxyinethyl-substituted polystyrene (PHP) and a series of 4-aikyiphe- 
noxymethyl-substituted polystyrenes, where the alkyl group is ~{CH2)riH (n — 1, 2, 4, 6, and 8), 
using polymer analogous reactions, in order to study the effect of the phenoxymethyl and 
4-alkylphenoxymethyi side groups on the liquid crystal (LC) alignment properties. The LC cell 
fabricated with the rubbed PHP film exhibited homogeneous planar and perpendicular LC 
alignment with respect to the rubbing direction. On the contrary, the LC cells made from the 
4-alkylphenoxymethyl--substituted polystyrenes showed homeotropic LC alignment behaviors even 
at a very high rubbing density of 250, regardless of the length of the alkyl groups. Previously, n- 
aUcvIsulfonylmethyl-substituted 
polystyrenes with alkyl groups 
having more than 8 carbons 
{„>8) showed homeotropic 
LC alignment behavior. There- 
fore, the additional phenoxy 
group in the side chain was 
found to improve the homeo- 
tropic LC aligning a bility of the 
polystyrene derivatives. 
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Liquid ciystai (LC) alignment has been intensively studied 
due to the scientific and technical interest in the liquid 
crystal displa]^ (LCD) in-d'dstryJ'-^ Pofyimide (PI) derivatives 
have been most v.'ideiy used as the LC alignment layers for 
producing honriogeneous planar or homeotropic LC align- 
ment of LC cells, while other alignment methods based on 
nanotechnologies using nanostructures such as polyhedral 
oligomeric siisesquioxane, carbon-based nanomaterials, 
and others have been recently developed to control 
anchoring conditions of LC molecules on surf aces 
Homeotropic LC alignment methods have some advantages 
over homogeneous planar LC alignment ones, because the 
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LC ceils fabricated using the homeotropic LC alignment 

methods have better electro-optical performance, such as a 
faster response time and higher contrast ratio J**^ PI 
derivatives having long alkyl or alkyloxy groups, such as 
semi-flexible copolyimides containing /i-octadecyi side 
groups and Pis with (n-decyloxy)biphenyloxy side groups, 
shov/ homeotropic LC alignment beha^rior.^ '""^ Polystyrene 
(PS) derivatives having long alkyl chains can also produce 
iiomeotropic LC alignment layers. For example, LC ceils 
fabricated using a nematic LC (ZLI- 5900-000, Merck Co.) and 
rubbed potymer films of n-alkylsulfonylrYiethyl- and 
?7-aikylthiomethyi-substituted polystyrenes having m.ore 
than eight carbons {n > 8) show hom eotropic LC alignment 
behavior^'"^^ 

In this study, we found that LC cells fabricated using 
4-alkyiphenoxy methyl-substituted polystyrenes having 
short alkyl chains show homeotropic LC alignment 
behavior. The synthesis and characterization of these 
polymers and the optical properties of the LC cells fabricated 
iisinQ the unrubbed or rubbed j^olvmer films are also 
included. 



Experimental Part 

Materials 

Sty rene, 4-chloroiTieth- ylst vreiie. 4-2net hvi oner lol. 4- et hvioher loI. 
and. 4-oct.y] phenol were purchased from Aldrich Chemical Co., 
nematic LC (5CB) Vv as purchased from. Merck Co., and 4-butylphenol 
and 4-hexyi phenol were purcha:;ed from TCL These chemiicjals were 
used as received. /v^AT'-Dimeihylacet amide (DA'iAc, Aldricli) was 
dried over molecular jiieves (4 A). Tetrahydrofijran (TI-IF, Aldrich) 
was dried by refiuxing v^ithbenzophenone and sodiuni followed by 
distillation. 4-Chloromethylstyrene (Aidrich) Vvas purified by 
column chromatography on silica gel using hexane as an eluent 
to remove any impurities and inhibitors {fert-butylcatechol and 
nitroparaffiri). 2,2''-Azobisi5;obut:yronitrile (AIBN, iunsei Chemical 
Co. Ltd.) was used as an initiator. A13N was purified from 
recrystailization using m.ethanol. Polyfdrdoromethyistyrene) 
(PCMS of Mr, - IS SOO, Mw/Mn 2,40. and Tg ^- 106 ^C) and poh/- 
styrene (PS of M^-- 37 GOO, JA^fM^ --2.02, and rg--104 "C} were 
obtained ttirough conventional free radical poiyrnerization of 
4-ciiioromethylstyrene (8.0 g, 52.6 mmol) and styrene (2.0 g, 
1.92 mmol), respectively, using AIBN (2.0 vjt.-% based on monomer) 
in dried THP (20 mL) under nitrogen atmosphere.^^'^-' All other 
reagents and solvents Vvere used as received. 



Preparation of Phenoxymethyl-Substituted 

Polyjstyr ene (PHP) and 4~Aikylphenoxymethyl/- 
Substituted Polystyrenes 

The following procedure v^ras used to synthesize all the 
4-alkyiphenoxymethyi-substitLited polystyrenes, where the alkyl 
group is -(CH2)nH iji — X 2, 4, 6, and 8), The synthesis of 
4-ethylphenoxymethyi-siibstituted polystyrene (?4EP) is given 
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as an example. A mixture of 4-ethylphenol (0.430 g, 3.55 mmol, 
180n'ioI-% com.pared with. PCMS) and potassium carbonate 

(0.545 g, 3.94mmLoL 200mol-% compared with PCMS} in N,N'- 
dimetjTLyiacet amide (DMAc, 10 mL) was heated to SO "C. PCMS (0.3 g, 
1.97 mmol) solution in D.MA.C (10 mL) vj^as added to the mixture and 
then m.agnetically stirred at 80 ""C for 12 h under nitrogen atmo- 
sphere. The solution mixture was cooled to room temperature and 
then poured into methanol to obtain a white precipitate. The 
precipitate was furtlier purified by several reprecipiiation times 
from. DMAc sol ut ion into m.ethanol and. then wa shed with water to 
remove any potassium carbonate and remaining salts. The product 
was obtained m above 80% yield after dried under a vacuum 
overnight. This polym.er was designated as ?4EP. 

P4EPHiNMR (CDCI3): 1.0-1.2 (t, 3H, -O-Ph-CHz-Cfio), 1.2-1.5 
(m, 2H, -CHz-CH-Ph-), i.6--2.1 (m, IH, -CHz-CH-Ph-), 2.4-2.7 
(m, 2H, -Ph-CH^ -CHoJ, 4.6-5.0 (s, 2H, -Ph-CH^-O-), 6.2-6.7 [m, 
2.H -0-PhH-CH2--CH3), 6.7-6.9 (m. 2.H, -0-Phfi -CH2--CH3), 
6.9-7.2 (m, 4H, ---CPi-Pi:L^l-CK2--0--). 

P4EPIE (KBr): 2 923 (asymmetric aliphatic C-H stretching), 2 856 
(symmetric aliphatic C-H stretching), 1 607 (ring C=C stretching), 
1 508 (ring C:" C stretching of the phenyloxy unit}. 

The degree of substitution was calculated by comparing the 
multipiet at 2.4-2.7 ppm (2H) with the backbone peak at 
1.2--2.1ppm (3H) which included the contribution of residiial 
PCiVlS and found to be almost 100% within exDerimentai error. PHP, 
4-methylphenoxymethyi-s ubstituted poly :;t.yrene (P4A/1.?), 4-butyl- 
phenoxy methyl- substituted polystyrene (P43P), 4"hexylphenoxy" 
methyl-sub stitiited polystyrene (P4iiP), and 4-octylphenox3JTnethyi- 
substitiited polystyrene (P40P) were synthesized, from the sanie 
procedure, except that pher\oi, 4-miethylphenol, 4-butyiphenol, 
4-hexylphienol, and 4-octylphenol, respectively, vvere used Instead 
of 4-ethylphenol. "^H NMR data of these polymers are shown in 
Table 1. 

The copol^maers of P41!iP, designated as P41^.?x. where x is the 

degree (%) of substitution of chioromethyl to 4-ethylphenoxy- 
m.ethyl group, were prepared from the same procedure, which was 
used for P4SP, except that less than ISO mol-% of 4 -ethylphenol was 
used. For example, P4IiP7S, P4EP60, P4EP37, and P4EP20 were 
prepared with 4-ethylphenol of 0.192 g (1.58mm-ol), 0.144 g 
(1.13 mmol), 0.096 g (0.79 mmol), and 0.043 g (0.39 mmol), respec- 
tively, using slight excess amounts of potassium carbonate (0.545 g, 
3.94 mmol, 200moi-% compared with PCMS). 



Film Preparation and LC Alignment Process 

Solutions of the polymers in toluene (2 wt."%) were filtered using a 
PTFE membrane with a pore size of 0.45 jxm. Thin iilms of the 

polymers were prepared by spin -coating (2 000 rpmi, 30 s) onto 
1.5 X 1.5 cm' indium tin oxide (ITO) coated glass and 1.5 x 2.0 cm' 
polyethylene terephthalate (P.kT) substrates. The polymer films 
were rubbed using a rubbing machine (RMS-50-M, Nam. II Optical 
Components Corp.). The rubbing density equation is written, 
as L/1 ~ N\{27Trn/60v) - 1], where L is the total lengtii of the rubbing 
cloth (mjm), I xhe contact length of the circumference of tlie rubbing 
roller (mnt), N the cumulative number of .rubbings, n the speed 
(rpm) of the rubbing roller, r the radius (cm) of rubbing roller, 
and V the velocity (cm ■ s"''') of the substrate stage. ^^^'^^^ 
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labie i. 'H NMR characterization of the polymers. 

Polymer Chemical shifts (o, ppm) and assignments 

PHP 5 = 1.0-1.5 (m, 2H, -CHp-CH-Ph-), 1.6-2.3 (m, IH, -CHz-CH-Ph-), 4.7--5.1 (s, 2H, -Ph-CHj-O-), 
6.2-6.8 (m, 2Ii CH^ -0 --Phf^, 6.8-7.0 (rn, 3H, CH2 -O - PbH), 7.0-7.2 (rri, 2H, - CH -- PhH -CH2 -O ), 
7.2-7.4 (m,, 2H, -CH-PhH-CHj-O-) 

P4MP (5-1.0-1.5 (m, 2H, CH2 -CH -Ph. - ), 1.6-2,1 (rx\, IH, -CH2 - CK - Ph ), 2.1-2.4 (s, 5H, O Fh - CHs), 

4.6- 5.1 (s, 2H, -Ph-CHz-O-), 6.1-6.6 (m, 2H, -O-PhH-CH^), 6.6-6.9 (m, 2H, -O-PhH-CHg), 
6.9-7.2 (m, 4}.i - CH - Phf/ -CH.2 - O - ) 

P4EP (5 ==1.0-1.2 (t, 3H, -0-Ph-CH2 -CH3), 1.2-1.5 (m, 2H, -CH2 -CH-Ph-), 1.6-2.1 (m, IH. -CH2-CH -Ph-), 
2.4-2.7 (n% 2H, -Ph-CHz - CH;j), 4.6-5.0 (s, 2H, - Ph- CH^ - O -), 6.2-6.7 (m, 2H, - O -PhH"-- CH^ - CH:.}, 

6.7- 6.9 (m, 2H, -O- PhH-CHz-CHg), 6,9-7.2 (m, 4H, -CH~PhiJ~CH2~0~) 

P4BP ^ ---0.8-1.0 [t 3H, -Ph -CH2 -(CH2)2 -- CH:.j, 1.1-1.4 [n\ 4H, -Ph -CH2 -- (0^2)2 -CH3], 1.4-1.6 (m, 2H, 

-CH-Ph -), 1.6-2.1 {rw, IH, -CHz-CK-Ph-), 2,4-2.6 [m, 2H, --Ph-CH2-(CH2)2---CH3]. 4.6-5.1 (s, 2H, 
-Ph--CH2 -O 6.2-6.7 [m, 2H, -O -PhH - (CH2}4-H], 6.7-6.9 [m, 2H, --0--PiLH--(CH2)4 - H], 6.9-7.2 (m, 4H, 
-CH-Pi-LH-CH2-0~) 

P4HP 5 = 0.8-1.0 [t 3H, -Ph --CH2 --(CH2)4 -- Cff:<], 1.1-1.4 [m, SH, -Ph - CH2 - (CK2}4-CH3], 1.4-1.6 (m, 2H, 

-CH2 --CH -Ph ), 1.6-2.1 (ni, IH, -CH2-CH-Ph- ), 2.4-2.6 [m, 2R -Ph-CH2 -(0-12)4 CIL], 4.6-5.0 (s, 2H, 
-Ph-CHz-O-), 6.2-6.7 [m. 2H, -0-Phif-(CH2)6-H], 6.7-6.9 [n% 2H, -0-PhH'-(CH2)6-Hj, 6.9-7.2 (m, 4H, 
-CH Pluf CH2 0-) 

P40P 5 = 0.8-1.0 [t, 3H, -Ph-CH2-(CH2)6-CH3], 1.1-1.4 [m, 12H, -Ph-CH2-(CH2)&-CH3], 1.4-1.6 (m, 2H, 

- CH2 - C.H -Ph 1.6-2.1 [in, IH, -CH2 -Cf/ -Ph - }, 2,4-2.6 [m, 2H, -Ph. -CH2 - (CH2)6 --CH3], 4.6-5.1 (s, 2H, 
-Ph-CH2-0-}, 6.2-6.7 [m. 2H, -0-PhH-(CH2}8-H], 6.7-6.9 [n% 2H, -0-PhH-(CH2)8-H], 6.9-7.2 (m, 4H, 

-CH-Pliff -CH2 -O -) 



iC Cell Assembly 

.Aritiparailel LC cells were fabricated using the unnibbed or rubbcid 
pol3?TTrer films onto TTO ccRited. glass slides and PET substrates. The 
antiparaiiel LC cells were constructed by assembling the polymer 
films together antiparaiiel with respect to the rubbing direction 
using spacers with tiiicknesses of 6.5 and 50 \.im. The fabricated LC 
cells were filled with a nematic LC, 5CB (AAerck Co.. 4-cyano-4'- 
pentylbiphenyl, Hq ~ 1.736, Ho — 1.5442, and Ae ~ 14.5, i/vhere ?ie, Hq, 
and Ae represent extraordinary refractive indexes, ordiriary 
refractive indexes, and dielectric anisotropy, respectively), m 
isotropic state in order to avoid creating flow aligrunent by the 
capillary action. The manufacturedLC cells were seeded with epoxy. 



instrumentation 

-R NAAR measurements vj'ere carried out on a Bruker A VANCE at 
300 MHz. FT-IR spectra were recorded 4 cm"* resolution and 
interferograms were accumulated 64 times. Gel permeation 
chromatography (G?C) was used to measure the number average 
molecular weight {Mv,} and molecular weight di retributions 
{My,r/Mn) of synthesized polymer with respect to polystyrene 
standards using TH? as an eluent and a UV detector. Diiferential 
scanning calorimeter (DSC) measurements were carried out on TA 
instrunients 2920 at a lieating and cooling rate of 20"C-min~^ 



under a nitrogen atmosphere. Therm.gl gravimetric .analysis tTGA- 
2050, TA instrum.ent) was used to investigate thermal stability of 

polymers. Polymer samples were heated from room temperature to 
800 '^C at the heating rate of 10"C-min"" under nitrogen atm.0- 
sphere. The contact angles of distilled water and methylene iodide 
on polymer films were determined with a. Kruss DSAIO contact 
angle analyzer equipped with drop shape analysis software. The 
Owens-vVendt's equation was applied to calculate the surface 
energy values from the static contact angles. The topography of 
the unrubbed and rubbed polymer filmf; in an area of 3 x 3 jxm'"' was 
examined using atomic force microscopy (A?M, XE-150, PSIA) in 
noncontact mode (spring constant of the cantilever: 0.6N -m""^, 
scan rate-, IHz). For transmission electron microscopy (TJ^M.) 
measurement, the 2yvt.-% solution of polymers in toluene was 
dropped onto carbon-coated copper grid. Just after vacuum 
evaporation of the solvent, thin pol^rmer films fonned between 
copper grid lines were observed from, tlie transmittance for 120 keV 
using TcM (LIBR A 120, Carl Zeiss, Inc.). The LC alignment d irection of 
the antiparaiiel LC cells Vv as investigated by measuring the angular 
dependence of absorbance of a dichroic dye (disperse blue 1, 
Aldrich), which was dissolved in 5CB at a concentration of 1 wt.-%, 
U:;ing optical apparatus equipped with a Me-Ne la:;er, a polarizer, 
and a photodiode detector as a function of rotation angle of 
sampies.^'^-^^^ The pretilt angle of LCs of antiparaiiel LC cell was 
measured by the crystal rotation method J^^' The cell gap was 
rv.Teasured before iilling the LCs using a spectrophotometei (Ocean 
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Optics, Inc., S 2000). The polarized optical microscopy (POM) images 
of LC cell Vv'ere observed from. an. optical microscopy (Nikon, ECLIPSE 
S600 POL) equipped with a polarizer and digital camera (I^ikon, 
COOLPIX995). 



Figure 1 shows the synthetic routes to the PHP and 
4-alkylphenoxy methyl-substituted polystyrenes (P4MP, 

P4EP, P4BP, P4HP,, and P40P). The copolymers of P4EP with 
dii:ferent degrees (%} of substitution were obtained by 
varying the amovints of 4-ethylphenol in the reaction. 
Alraost 100% conversions fiom chlorornetlTyl to 4~arKy]~ 
phenoxymethyl were obtained, when 180 mol-?^ of 
4-aIkylphenol was used at 80 "C for 12 h. The average 
molecular weights {M^ of the polymers modified from the 
PCMS (Mn==18 500) were always larger than 20 500 
(Table 2), indicating that the polymer modification from 
PCA4S to the products gave rise to an increase in the average 
molecular weights of the polymers, as expected. Tiiese 
polymers are soluble in many medium-polarity solvents 
having low boiling points, such as TMF and chloroform, and 
in aprotic polar solvents, such as DMF, NMP, and DMAc. 

The FT-IR spectra of the polymers were measured and the 
peaks were characterized with the aid of the previously 
reported results for other polymers (Figure 2).'-^-^' '['he peaks 
of the characteristic band of the stretching vibrational 
mode of chloromethyl in PCMS at 661 cmr""'" completely 
disappeared^ indicating that the chloromethyl group was 
changed to phenox5,''methyl or 4-aikylpheno3cymethyl 
groups through the polymer analogous reactions. 




THF 



A3BN 




or 



(CMS) 













6 Ci 






^^^^ 


H 


fPHP) 



(P4MP |n='1 ),P4KPk (^=2), 
P4BP(n«4), P4HP 
and P40P (n=J 



Where x Is th9 degr@@ {%) of substSttsiion. 

^ Figure t Synthetic routes to the 4-alkylphenoxymethy!-substi- 
^ tuted polystyrenes, where the aikyi group is - (CHJ^H {n~=^, 2, 
M 4, 6, and 8), 

The thermal properties of the polymers were investi- 
gated using DSC and TGA. All of the polymers were found to 
be amorphous, since only glass transitions were observedin 
their DSC theimograms (FigLire 3 and Table 2). As the 
number of carbon atoms in the alkyl part of the 
4 alkylphenox}/ side group increases from 0 to 8, the Tg 
value decreases from 71 X for PHP to 11 ' C for P40P, The 
decrease of the Tg value of the polystyrene derivatives with 
increasing length of the alkyl side groups was reported 
before and was ascribedtothe increase of the free volume in 
the polyr^ier, because polymers having larger free volumes 
have lower Tg values.^^ '^'*^ In the case of the polystyrene 
derivatives in this study, we believe that the incorporation 
of the 4-alkylphenoxymethy] groups onto the phenyl side 
groups of the polystyrene increases the free volume and 
that this lowers the TgS of the polymers. The thermai 
decomposition behavior of the polymers was also found to 



^ Table 2. Results of the characterization of the polymers using 'H-NMR, GPC, DSC, and TGA. 



Polymer designation 


Degree of substitution 








T •>) 
d,'90% 


Char yieid^^ 


% 








PS 




37 000 


2.02 


104 


363 


0.2 


PHP 


Pa 100 


21700 




71 


342 


14.6 


P4MP 


;^il00 


22 600 


3.00 


67 




21.0 


P4EP 


^IGQ 


22 900 


3.0S 


48 


350 




P4EP78 


78 


21900 


2.97 


63 


339 


17.9 


P4EP60 


60 


21500 


2.70 


69 


337 


19.6 


P4EP37 


37 


20 900 


3.10 


82 


334 


n '-7 
i 


P4EP20 


20 


20 500 


3.17 


S3 


328 


24.5 


P4.BP 


PijlOO 


23 300 


3.02 


38 


342 


1 ? ;] 


P4HP 


P:^100 


25 800 


2.82 


21 


331 


11-7 


P40P 


«:a.oo 


26 500 


2.95 


11 


299 


8.2 



^'Obtained from GPC using THF as solvent with respect to nionodisperse polystyrene as standards; ''•the decomposition temperature 

{^d,9o%) i^ defined as lGwt.-% loss; "'the Char 3/ield at 800 "^C. 
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Figure z r s - IR of the poiymers. 
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^ Figure ^. DSC therrrsograms of the polymers. 



be affected by the number of cai'bon atoms in the 

4-alkylplieROKy side groups. As the nujriber of carbon atoms 
in the 4-alkyiphenoxy side groups increases, the decomposi- 
tion temperature (7^90%) of the polymers decreases from 
352 for P4MP to 299 for P40P and the char vield f%) of 
the polymers at 800 C decreases fromi 21.0?^ for P4A4P to 



8.2% for P40P (Table 2). Conclusively, as the number of alkyi 

groups in the 4-alkyIphenoxy side groups increases, the 7g, 
d,9o%, ^^0. char yield of the polymers decrease. 
The LC alignment behavior of the I.C cells made from the 
unrubbed polymers and 5CB was determined by observing 
the POM images, as shown in Figure 4. Random planar LC 








PHRX P4MF,0 



^ ' P4:ep,o 




^sJj ' * P4BP, O 





F4HP,0 



^l^^^a P40P, O 






P2MRX 




930 



6 



o 





4MP-PEO, X 





12S-PS, O 



i6S-PS, o 



^ Figure 4. Structures and POM images for the LC cells made from poiymer films for homeotropic LC alignment studies. These polymers were 
^ synthesized using the similar procedure as those for P4EP and the degrees of the substitution were over 95%. Circle (O) and cross (x) 

^ indicate unrubbed polvmer film hsve homeotropic am 



polyrr.i 
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X-20 
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X - 37 
P4EP37 



P4BP6& 
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Figure 5. Orthoscopic and conoscopic POAA images of the LC cells 
made from unrubbed P4i:Px fslms on the moiar content of the 
^ 4-ethylphenoxymethyl side groups [x=the molar content {%) of 
^ 4-ethy!phenoxymethy! moiety]. 



IS 

€ 

o 

< 



A. 



V 



\ ■ 



o--\ 



\ 



alignment was obsen/ed for the LC cells made from the 
unrub bed PS (image not shown) and PHP fihns, while all of 
the LC cells made from the unrubbed 4-alkyiphenoxy- 
rnethyl-substitiited polyst^^rene (P4MP, P4EP. P4BP. P4:KP, 
and P40P) films showed homeotropic LC alignment 
be'navioL We also tried, to investigate the efi'ed: of the 
am.otint of 4-aikyipherioxymethyi moieties in the side 
chain on the homeotropic LC alignment properties. Figure 5 
shows the orthoscopic and conoscopic POM images of the LC 
cells made from the unrubbed films of the P4tvP copolym.ers 
and 5CB. Homeotropic LC alignment behavior was observed 
over the whole area when the molar content of the 
4-ethylphenoxymethyl con- 
taining monomeric unit in 
the P4EPX was larger than 
about 60%. 

The LC alignment direction 
was investigated, by observing 
the polar diagrams of the 
absorbance of a dichroic d3/'e 
(disperse blue 1) in the anti- 
parallel LC ceils fabricated 
using 5CB and the rubbed 
polymer iilms with a rubbing 
density of 100. The LC cell 
made from the rubbed PJ-IP 
fiim shows a ma3dm.um absor- 
bance along the 90 -^-270" 
direction, which is perpendi- 
cular with respect to the rub- 
bing direction [Figure 6(a)]. It 
has been known that the 
rubbed surface of PS film can 
induce homogeneous planar 
and perpendicular LC align- 
ment with respect to the 
rubbing direct ion^^^^ and we 
also found that this occurred 



379 




2» 

(4) 



in the LC cells fabricated using the rubbed PS films with a 
rubbing density of 100. However, the homogeneity of the LC 
cells fabricated with the rubbed PHP and PS films with a 
rubbing density of 100 was lost after several days as 
previously described in other research group),'-'^''^ indicating 
that the rubbed surface 01 PHP and. PS cannot produce 
reliable LC alignment layers. We found, that the micro- 
groove structure of the films generated from the rubbing 
process remains after 7 d from AFM study shown in the 
Supporting Information, llierefore, the lost of the homo- 
geneity should not be caused by the changes of the 
morphological microstructures but arisen by the changes in 
the molecular leveL Fuither detailed studies are needed to 
verify tills, v^7hile they are beyond the scope of this paper 
On the contrary, all of the rubbed and unrubbed films of 
the 4-aikyiphenoxymethyl substituted polystyrenes were 
able to produce stable homeotropic LC alignment layers 
[Figure 6(b)-(i')] and the homeotropic LC alignment was 
maintained for at least more than 12 months since we first 
made the LC cells from these polymers. 

The pretilt angles of the antiparaliel LC cells fabricated 
with the nibbed polymer films were measured in order to 
investigate the effect of the alkyl side groups on the LC 
alignment direction, ('['able 3 and Figure 7), At first, the 
pretilt angles of the LC molecules on the unrubbed/rubbed 
PS and PHP films with rubbing density < 50 could not be 
measured due to the random planar LC alignment. Pretilt 
angles of about 0' on the rubbed PS and PHP films were 
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Rubbi&g Section 



^ Figure 6. Polar diagrams of the 

^ made from rubbed {m) PHP and 

i (d) P4BP, (e) P4MP, and (f) P4OP] 

^ samples. 



absorbance of a dichroic dye (disperse blue 1) In antiparaliel LC cells 
4-ajkyiphenoxymethyi~substituted poiystyrenes [(bj P4lViP, (c) 94.^?, 
films with a rubbing density of loo as a function of rotation angle of 
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p labie 3. Surface energy values and LC alignment properties of the polymers. 



Polymer 



a) 



Contact angle - 



Surface energy^^ 



Homeotiopic LC Pretiit angle*^ 



designation 




0 


mJ 


—2 

-m 




aligning ability 


0 


Water 


Methylene iodide 


Dispersion 


Polar 


Total 


PS 


82 


28 


42.37 


3.17 


45.54 


No 


0 


Pl-iP 


82 


30 


41.50 


3 3*1 


44.81 


No 


0 


P4MP 


85 


33 


40.69 


2.56 


43.25 


Yes 


87.5 


P4EP 


87 


34 


40.59 


2.05 


42.64 


Yes 


88.9 


P4EP78 


86 


33 


40.88 


2.27 


43.15 


Yes 




P4EP60 


85 


32 


41.17 


2,49 


43.66 


Yes 




P4EP37 


84 


26 


43.60 




46.02 


No 




P4EP20 


83 


19 


45.89 




48.26 


No 




P4BP 


91 


39 


38.76 


1,38 


40.14 


Yes 


89.6 


P4HP 


94 


45 


35.91 


1 1*^ 


37.02 


Yes 


89.6 


P40P 


95 


/i Q 
^0 


34.29 


1.10 


35.39 


Yes 


89.6 


41VIP-PE0 


77 


34 


38.67 


5.64 


44.31 


No 




40P-PE0 


85 


42 


35.97 


"3 IT* 


39.30 


No 




8S-PS 


86 


62 


24.21 


5.65 


29.85 


No 


0 


12S-PS 


94 


70 


20.56 


3.67 




Yes 


83.0 


i6S-PS 


97 


72 


19.79 


2.92 




Yes 


85.0 


P3MP 


83 


28 


42.57 


2,84 


45.41 


No 




P2MP 


S3 


25 


43.57 


2.98 


46.57 


No 




"'MeasLired from static contact 


angles: ^'caiculated fro 


m Owens-Wendt's 


eqiiation; 


^^measured f rom the antipaiaij 


el LC ceils fabricated 



with rubbed polymer fil.ms with a rubbing density of 150. 

obtained at rubbing density > 50. For example, the pretiit 
angles on the rubbed PS and Pl-iP films with, a rubbing 
density of 150 were found to be about 0°. On the contrary, 
the LC cells made :from the unrubbed 4-aIkylpheno3<y- 




iao ISO 200 
Rufobtng Density 
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Figure 7. Pretiit angles of tiie antiparalle! LC cells fabricated witli 
^ rubbed films of 4-alkylphenoxymethyl-substituted polystyrenes 
b and i?-aikylsulfonylmethyi-substituted polystyrenes as a function 
^ of rubbing density. 
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methyl -substituted polystyrene films had pretiit angles of 
approxijnately 90' showing lionieotropic LC alignment. 
The pretiit angles of the LC cells made from the rubbed 
films of 4-alkylphenox^rmethyi-substituted polystyrene 
with a rubbing density of 150 were observed in the rainge 
of 87.5-89.6", The incorporation of a methyl group into 
the 4 position of PHP increases the pretiit angle to 87.5"^ and 
the pretiit angle increases slightly as the length of the 
alkyl group increases. The pretiit angles of the LC cells 
fabricated with the rubbed films of 4-alkylphenoxymethyi- 
substituted polystj/renes were found to decrease as the 
rubbing density is increased from 0 to 250, as expected 
(Figure 7). For example, the pretiit angles of P4MP, P4EP, 
P4BP, P4HP, and P40P decrease from 89.5 to 86Xr\ 89.5 to 
87,9", 89.6 to 89.Cr, 89.6 to 89.0", and 89.9" to 88.9", 
respectively. Therefore, the LC ceils fabricated from the 
4-alkyIphenox\TOethyl-substituted polystyrenes maintain 
their high pretiit angles even at a very high rtibbing density. 
The largest decrease of the pretiit angle of about 3.5'^ was 
observed, frorn P4N1P having the shortest alkyl groups 
among the 4 -aikylphenoxymethyl-substituted' polystyr- 
enes in this study. We tried to observe the diff erences of 
surface morphology of 4 -aikylphenoxymethyl-substituted 
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polystyrenes having somewhat different homeotropic 
alignment behavior from APM and TEM studies. While 
any rnorphoiogicai diff erences was not observed as shown 
in the Supporting Infonnation. 

The decrease of the pretilt angle of about ^S"" with 
increasing rubbing density of P4MP from 0 to 250 is much 
less than those of the other polystyrene derivatives 
showing homeotropic LC alignment behavior, such as the 
?7-aikysuifony],inetiiyl-substituted polystyrenes (#S-PS)J^^ 
For example, the pretilt angles of the LC cells fabricated from 
the same LC (5C3) and the iilms of n-d.Gdecylsiilfonvl- 
m^ethyl -substituted polystyrene (12S-PS) and n -hexadecyi- 
sulfonylmethyl-substituted polystyrene (16S-PS) decrease 
from approximately 90' to 75 and 78^ respectively, when 
the rubbing density is mcreased from 0 to 250, Thus, in the 
case of 16S-PS having very long alkyl groups, the pretilt 
angle of the LCs changed from 90.0 to 78,0 ' Vvhen the 
rubbing density was increased, from 0 to 250. Tlie changes 
of the pretilt angles of the LCs on the films of the 
polystyrene derivatives are shown in Figure 7. We 
believe that the relatively small changes of pretilt angles 
of 4-ajkylphenoxyTnethyl-substituted polystyrenes with, 
the changes of rubbing density compared with those of 
other polystyrene derivatives should be arisen from their 
greater homeotropic LC aligning ability. The greater homeo - 
tropic LC aligning ability of the 4-alkylphenoxymethyl- 
substituted polyst^/Tenes v^/as further studied by comparing 
the alignment behavior of other pol5rmers such as 
4-methylphenoxymethy]-substituted po]y(oxyethyiene) 
(4MP- PEG), 4- octylphenoxymethyl -substituted poly(ox- 
yethyl ene) (40P-PE O), n -octylsulf o nylmethyl-substit ut ed 
polystyrene (8S-PS), 12S-PS, 16S-PS, 3-methylphenoxy- 
methyl- substituted polystyrene (P3MP), and 2-methylphe- 
noxymethyl- substituted polystyrene {P2MP) as shown in 
the next paragraph. The other polymers were prepared 
using a similar synthetic procedLire to that used for the 
preparation of the 4-aikyiphenoxyi'nethyl-substituted 
polystyrenes and the detailed synthetic methods and 
NMR results are shown in the Supporting Information. 
8S-PS, 12S-PS, a.nd 16S-PS were synthesized using the same 
procedure as that described in a previous paper J'^*^ 

It has been knovv/n that LC cells fabricated from polymer 
surfaces having lov/er surface energy values show greater 
homeotropic LC aligning ability J^''^"^'^' We also found, 
that the 4-alkylphenoxyrneth3d-substituted polystyrenes 
having longer side chains have a lower surface energy value 
and greater homeotropic LC aligning ability (Table 3). For 
example, the LC cell fabricated vv/ith P40P having the lovv est 
suiface energy value among the 4-alkylphenoxymethyi- 
substituted polystyrenes maintains its high pretilt 
angle above 89" even at a ver];' high rubbing density, 
while the pretilt angles of the LC cell made from P4MP 
having the highest surface energy value among the 
4 alkylphenoxi-'methyi substituted polyst>Tenes decreased 
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to 86.0° when a high rubbing density of 250 was used 

(Figure 7). However, we found that the surface energy value 
is not the critical factor determining the LC alignment 
behavior of the polystyrene derivatives and other polymers 
having similar structures. The POM images of the LC cells 
fabricated with other polymers, such as 4MP-PE0 are 
shown in Figure 4. The surface energy values of 40P-PE0 
and 8S-PS, 55.97 and 24.21 ml • m""^, respectively, are much 
lower than t hose of the 4-alkylphenoxym ethyl-substituted 
polystyTenes, while the LC cells fabricated from these 
polymers sliovv poor LC alignment behavior. Therefore, 
we believe that not only the surface energy values of 
the polymers, but also the molecular orientation on the 
polymer surfaces, are important factors in obtaining 
homeotropic LC alignment behavior. Furthermore, random 
planar LC alignment behavior was observed from the LC 
cells fabricated from, PSiVlP and P2MP. The chemical 
structures of P3MP and P2MP are almost identical to that 
of P4MP, except for the position of the methylphenoxy side 
groups. The surface energy values of P3MP and P2MP, 45.41 
and 46.57 mJ m ^. respectively, are slightly larger than 
that of P4MP. It has been reported that the LC alignment 
properties can be affected by the orientation of the isomeric 
functional side group in the polymer, due to the different 
steric repulsions or interactions between the LC molecules 
and the suifacesJ^'^'-' Therefore, the different side chain 
orientation and/or the slightlylarger surface energy of the 
P4MP and P3MP/P2MP polymers produce different LC 
alignment behavior 

Recently, there has been considerable effort aimed at 
developing plastic subst-tates for flexible LC displays J^^" We 
found that the LC cells fabricated using the unrubbed films 
of 4-alky] phenoxy methyl-s ubst itut ed polystyr en es on 
plastic (PET) substrates show good homeotropic LC align- 
ment behavior. For exam.ple, the photo im.ages of the 
unbent and bent LC cells made from P4EP on the PET 
substrate clearly show homeotropic LC alignment behavior 
(Figure S). Furthermore, this LC cell showed very nice 
homeotropic LC aligning ability with a high pretilt angle 
of 90", which was maintained for many times aft:er 
bending. We also found that LC cells made from other 
4-alkylplienoxymethyi-substit ut ed. polystyrenes su ch as 




(a) ib) 

^ Figure 8, Photographs of the (a) unbent and (bj bent LC celfs made 

^ from P4EP on the PET substrate. 
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P4MP, P4BP, P4HP, and P40P on PET substrates also show 

the good horn eotropic LC aligning ability. For example, POM 
images of LC cells made on PET substrates are shown in 
supporting inioiTnation. Therefore, 4-alkylphenox7methyl- 
substituted polyst^^renes might be candidates as a LC 
aligi'iment layer for ilexibie LC displays, such as for veitical 
ali gnrrient (VA) mode applications. Further research on the 
appiic at ion of 4- alkylphenoxymethyl - s ub st itut e d p oly s tyr- 
enes to flexible LC displays is currently in progress. 



Keywords: alignment; horneotropic; liquid aystal; polystyrene 



Phenoxymethyl substituied polystyrene and 4 alkyiphen- 
oxymethyl-substituted polystyrenes were synthesized 

through the reactions of polychioromethylstyrene with 
phenol and 4-alkylphenols, respectively. The LC alignment 
direction on the mechanically rubbed surface of PHP was 
found to be homogeneous planar and perpendicular with 
respect to the rubbing direction. Lnterestingly, the LC cells 
made from the unrubbed and rubbed films of P4MP having 
only an additional meth)/! group in the 4 position of the 
phenox}/ side groups showed homeotropic LC alignment 
behavior, while those prepared from the films of the 
P2MP and P3MP showed random planar LC alignment 
beha vi or. When we increased the number of carbons in the 
aikyi side groups in the 4-alkylphenoxymethyi- substituted 
polystyrenes, the hom.eotropic LC aligning ability 
increased: for example, a high pretilt angle of about 89.4" 
was obsei'ved from the LC cell prepared from the rubbed ftlm 
of P40P with a mbbing density of 150. On the contrary, t he 
LC cells prepared from the unrubbed nlms of 4-octylphen- 
ox5^.ethyl-substituted polyoxyethyiene and. 4-octyisulfon- 
ylmethyl -substituted polystyrene showed planar LC 
alignment behavior. Therefore, the unique side chain 
structure, consisting of two phenyl groups and an alkyl 
group in the 4 position of the phenox)*^ groups of 
4- alkylphenoxymethyl- sub stituted polystyrenes, imparts 
strong homeotropic LC alignment behavior. 4-Alkylphe- 
noxymethyl-substituted polystyrenes could be a suitable 
candidate for the LC alignment layer in LCD m.odes, such as 
the VA mode for flexible LC display applications, because 
they have a high pretilt angle and low processing 
temperature. 
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